INTRODUCTION
============

Ras proteins regulate many eukaryotic cellular processes, including cell growth, differentiation and survival ([@B1],[@B2]). Ras signaling plays a major role in the homeostasis of multiple cellular pathways and alteration of its functionality leads to different pathologies, with cancer being the most typical. For example, 20% of all human tumors contain oncogenic mutations of Ras ([@B3],[@B4]). The Ras switch works by alternating the activation state of the small guanine nucleotide binding protein Ras (active: bound to GTP; inactive: bound to GDP). Guanine nucleotide exchange factors (GEF) promote GDP release from Ras and favor GTP binding, whereas GTPase activator proteins (GAP) enhance the intrinsic GTPase activity of Ras that converts GTP into GDP ([Figure 1](#F1){ref-type="fig"}). Figure 1.In the canonical cycle, Ras is bound to GDP (symbolized by two phosphate groups) during the basal state. GEF catalyzes the exchange between GDP and GTP, activating Ras that can bind to Ras effectors and perform the biological activity. GAP enhances the intrinsic GTPase activity of Ras, which returns to the inactive state. Disruption of any of these steps may lead to several pathologies, including cancer.

Ras is part of a large super-family of small GTPases that includes Rho, Rab and Arf ([@B5]). In this work, we focused on the Ras family of proteins and its regulators, and define the canonical Ras switch as composed by three different catalytic activities: Ras, GEF and GAP. GEF and GAP activities have been related to a variety of non-homologous sequence domains ([@B6; @B7; @B8]). We focused on families that perform Ras-specific regulation, including one GEF family (RasGEF) and two structurally differing GAP families (RapGAP and RasGAP) ([@B9]).

The Ras switch regulatory module has been studied from an evolutionary perspective before, but always with the different gene families in isolation and with a limited number of species ([@B5],[@B10; @B11; @B12; @B13]). In this study, we consider the evolution of the canonical Ras module, composed by the gene families Ras, RasGEF, RasGAP and RapGAP, in 24 eukaryotic organisms with special emphasis on the Metazoan kingdom.

MATERIALS AND METHODS
=====================

Genome sequence and phylogenetic distance
-----------------------------------------

Protein sequences for 24 organisms were included: 18 were downloaded from the EnsEMBL project (version 54) ([@B14]) and the other 6 from specialized databases ([Supplementary Table S1](http://nar.oxfordjournals.org/cgi/content/full/gkr154/DC1)). For EnsEMBL sequences, only translations from protein-coding genes were used and putative pseudogenes were excluded from the analysis. Divergence times were compiled from different sources, including fossil records and molecular distance estimations ([@B15; @B16; @B17]). When different estimations were obtained the average value was used (see [Supplementary Figure S10](http://nar.oxfordjournals.org/cgi/content/full/gkr154/DC1) for a comparison between the two main sources of divergence time estimations and the average value used in this study).

Sequence detection and analysis
-------------------------------

Protein family members for Ras, GAP and GEF were identified using Hidden Markov Model (HMM) profiles from the Pfam database (version 23) of protein domains. Domain searches were performed with the software package HMMER (version 2.3.2) ([@B18]). Pfam models for domains with identifiers Ras (PF00071), Rap_GAP (PF02145), RasGAP (PF00616) and RasGEF (PF00617) were used. In this work, we refer to Ras, RapGAP, RasGAP and RasGEF for both the domains and the gene families indistinctly. The models were used to search the gene translations, and sequences were collected on the basis of an *E-*value cutoff of 1E-02 ([@B18]). Ras human sequences obtained from Uniprot were used to identify and separate the Ras family sequences from the other families (Rho, Rab, Arf, etc.). For each organism, the detected sequences were combined with the human ones and an alignment and phylogenetic tree were constructed (see below). The branches containing the human orthologs were then selected. Sequences were filtered to keep one sequence per gene; therefore, multiple transcript were disregarded (the gene with the longest transcript was selected). Linear regression model fits and graphics were performed using the statistical software R ([@B19]).

Alignments and phylogenetic trees
---------------------------------

Multiple sequence alignments were generated with *ClustalW* ([@B20]), and phylogenetic trees were constructed using the Neighbor-Joining (NJ) method implemented in the software *Quicktree* ([@B21]). Tree topology reliability was assessed with the bootstrap method using 1000 replications. *TreeDyn* ([@B22]) was used to visualize and annotate the trees. Trees were annotated with the organism name, gene id, symbol and the quality of the current gene model (only for EnsEMBL genes). Color squares are used to summarize clades: mammals (violet), Sauria (birds and lizard, orange), fish (blue), insects (green) and fungi (yellow). Outgroups *Monosiga brevicollis* (choanoflagellate) and *Dictiostelium discoideum* (slime mold) are colored in gray, whereas all other intermediate species are in pink. The domain composition for each sequence was computed (see below) and presence of the domain is indicated with black squares (gray squares mean the domain is not present). Bootstrap percentage values are indicated at each node, with values above 80% colored in red.

Gene classification into subfamilies
------------------------------------

Sequences were classified into comprehensive subfamilies when possible, accounting for known annotations, presence of protein domains, and bootstrap support. The subfamilies were supported in most cases by high bootstrap values. For each subfamily, we counted the number of genes.

Exon, splice variants, domain and architecture distributions
------------------------------------------------------------

The number of exons per gene was obtained for EnsEMBL genomes with the EnsEMBL Perl API and the distribution of exons was computed. Domains were detected with the program *hmmpfam* (HMMER) against the Pfam database (version 23). The domain architecture was computed for non-overlapping domains. Domains and architectures were separated by species and the frequencies computed. The splice variant sequences in humans were based on data from EnsEMBL version 41 in the ASTD database ([@B23]).

Similarity of Ras module domains and architecture profiles between species
--------------------------------------------------------------------------

Ras, RasGEF, RasGAP and RAPGAP domain and architecture occurrence matrices were joined into two matrices, respectively, for performing profile similarity measures ([Supplementary Material](http://nar.oxfordjournals.org/cgi/content/full/gkr154/DC1)). The Euclidean distance (ED) was used to measure the distance between pairs of profiles.

RESULTS AND DISCUSSION
======================

Ras switch module genetic expansion in eukaryotes
-------------------------------------------------

Sequences for each gene family were detected by using HMM profiles. A broad spectrum of the eukaryote phylogeny was covered, with 24 organisms ([Figure 2](#F2){ref-type="fig"} and [Supplementary Table S1](http://nar.oxfordjournals.org/cgi/content/full/gkr154/DC1)) including 18 species in the Metazoan kingdom, three fungi, *M. brevicollis* (an unicellular protist considered the closest relative to the Metazoans) and *D. discoideum* (slime mold, out-group of the fungi/metazoan clade). The plant *Arabidopsis thaliana* was included as a negative control since plants have Rho and Rab homologs but not Ras ([@B24]). Figure 2.Phylogenetic relationship for all the species used in this work. In the left *Y*-axis it is represented the species divergence times (MYA) from human obtained from different sources (combined and averaged), including fossil and molecular distance estimations. In the right *Y*-axis, it is represented the species genome size, considered as the number of estimated protein-coding genes.

All the gene families in the Ras module are broadly distributed over all the species except *Arabidopsis*. This co-absence of all Ras module's families in *Arabidopsis*, which contains other Ras homologs such as Rho and Rab genes, supports the modular consistency of the Ras switch regulatory system defined in this work ([Figure 3](#F3){ref-type="fig"}). RapGAP orthologs are missing in the budding yeast *Saccharomyces cerevisiae*. However, the other two fungi, including another budding yeast (*Candida)*, have RapGAP homologs, suggesting that this functionality was lost in *S. cerevisiae* after the split of the fungi clade. Interestingly, *S. cerevisiae* has more RasGAP genes than the other fungi, suggesting that compensation of the RapGAP function is performed by some of these extra proteins. Figure 3.(**A**) The number of detected genes versus the total number of protein-coding genes (genome size) for Ras, GEF, RasGAP and RapGAP. (**B**) The number of detected genes versus the phylogenetic distance to humans. The location of the Euteleostomi clade is highlighted with gray. Fitted linear models are for the entire data set except *Arabidopsis*, Ciona, Sea urchin and slime mold.

Plotting the number of sequences against the genome size, measured as the total number of protein coding genes, reveals a linear trend ([Figure 3](#F3){ref-type="fig"}A and [Supplementary Figure S1A](http://nar.oxfordjournals.org/cgi/content/full/gkr154/DC1)). The regression models reflect highly significant correlation values (Ras: *R*^2^ = 0.78, *P* = 2.74E-08; RasGEF: *R*^2^ = 0.35, *P* = 2.78E-03; RasGAP: *R*^2^ = 0.38, *P* = 1.67E-03; RapGAP: *R*^2^ = 0.38, *P* = 1.68E-03). A few species (worm, sea urchin, *Ciona* and slime mold) diverge from this tendency. Removing them greatly improves the correlation with the linear model (Ras: *R*^2^ = 0.92, *P* = 9.26E-11; RasGEF: *R*^2^ = 0.86, *P* = 9.50E-09; RasGAP: *R*^2^ = 0.79, *P* = 4.33E-07; RapGAP: *R*^2^ = 0.82, *P* = 1.05E-07---compare regression lines in [Figure 3](#F3){ref-type="fig"}A and [Supplementary Figure S1A](http://nar.oxfordjournals.org/cgi/content/full/gkr154/DC1)). This improvement in the correlation can be explained in part by the uncertainty in the total number of genes, which can significantly affect draft genomes like that of sea urchin and *Ciona*. However, for the slime mold, this divergence could be explained in terms of alternative evolutionary pathways (see below).

The slope of the linear models above is a measure of the expansion rate. Assuming that the expansion of these families is mainly due to gene duplication ([@B25]), the expansion rate would be a measure of the duplication rate. The fastest expanding family is Ras, with a duplication rate of 0.23% (slope 2.3E-03), followed by GEF, with a duplication rate of 0.14% (slope 1.4E-03). Both RasGAP and RapGAP have the smallest duplication rates (slopes of 6.8E-04E-04 and 6.0E-04, respectively). From a functional perspective, because RasGAP and RapGAP perform the same catalytic activity on Ras, we can calculate a combined duplication rate for GAP (slope of 1.3E-03) and arrive at a value closer to that of GEF.

Another measure, the Relative Duplication Rate (RDR), indicates how fast a gene family expands relative to the others. Taking Ras as the baseline, the RDR is 0.61 for GEF, 0.29 for RasGAP and 0.26 for RapGAP. If RasGAP and RapGAP are considered together, an RDR of 0.55 is obtained. These results indicate that the Ras family expands almost two times faster than the GEF and GAP families. The expansion rate of GEF and GAP (considering RasGAP and RapGAP together) is very similar. This general trend is maintained consistently in the individual species, except for GEF and RasGAP in *Monosiga*, and GEF in slime mold and *Candida* ([Supplementary Table S2](http://nar.oxfordjournals.org/cgi/content/full/gkr154/DC1)), where the number of genes in the regulatory families is greater than in Ras.

These findings show a bias in the duplication rate of the Ras family, suggesting that Ras leads the expansion of the module. In accordance with this, in all species except the slime mold, *Candida* and *Monosiga*, the number of Ras genes is greater than the number of GEF genes, which is, respectively, greater than the number of GAP genes ([Figure 3](#F3){ref-type="fig"}A).

When we consider the metazoan clade, the Ras switch complexity (measured as the number of genes) is inversely correlated with the phylogenetic distance to humans ([Figure 3](#F3){ref-type="fig"}B and [Supplementary Figure S1B](http://nar.oxfordjournals.org/cgi/content/full/gkr154/DC1)). In other words, species closer to humans have more paralog sequences when compared with species phylogenetically distant, evidencing increased complexity in their signaling pathways, with alternative regulatory and functional ramifications. On the other hand, this behavior does not apply when considering other eukaryote clades. Plants, which do not have Ras proteins, or fungi, where the gene numbers have not changed since they diverged about 1500 MYA, are both good examples. On the other hand, *D. discoideum*, which diverged probably more than 1700 MYA, have a number of genes similar to more complex organisms like insects, which is evidence of complex regulatory pathways probably related to the multicellular stage in the life cycle of this species ([@B26]).

Subfamily contribution to the Ras module expansion
--------------------------------------------------

Our results indicate a linear expansion of the Ras module correlated to genome protein-coding complexity and evolutionary time. However, some subfamilies may have contributed differently, depending on functional constraints and relevance to speciation events. To examine this possibility, we computed phylogenetic trees for all the families and classified the different groups of genes into subfamilies. This was done taking into account the annotation of known genes, the bootstrap confidence value in the tree, the protein domain composition, and species-dependent annotation ([Supplementary Figures S2--S5](http://nar.oxfordjournals.org/cgi/content/full/gkr154/DC1) for annotated trees of Ras, RasGEF, RasGAP and RapGAP). Subfamilies were supported in most instances by high bootstrap values indicating the statistical reliability of their phylogenetic classification. The number of genes in each subfamily was counted for each clade and the results are shown in [Table 1](#T1){ref-type="table"}. To avoid errors due to missing sequences in draft genomes, presence in some but not all of the species within a clade, including mammals, birds/reptiles, fish and fungi, is considered a positive. *Monosiga*, slime mold and yeast sequences frequently showed weak phylogenetic relationships (i.e. low bootstrap values or domain composition similarity, see 'Materials and Methods' section) and therefore were difficult to classify into the general subfamilies. Consequently, the number of sequences for these species represented in [Table 1](#T1){ref-type="table"} is very low or zero, in spite of the existence of quite a lot of sequences in some cases. This behavior suggests the existence of specific regulatory pathways for the Ras module system in these organisms. Table 1.Number of genes in each subfamily per species/cladesMR/BXFCiSuIWFuMoSmRAPGAP TSC211111110100 GARNL1**2222**1111011 SIPA1**44**1**4**1111000 RAP1GAP**22**1**2**1011000 GARNL311110010011RASGAP IQGAP**3333**1100111 NF111111110110 RASA**4434**1011010 SYNGAP**44**1**4**0011000 RASA111111110000 GAPVD111111110000RASGEF PLCE111010001010 RASGRF**2222**0110000 KNDC111110000020 RASGEF1**3322**1111010 RAPGEF111110011000 RGL**5434**1111000 RALGPS**2222**1111000 RAPGEF2/6**22**1**2**1011000 RAPGEF3/4**2222**1111000 RAPGEF511110000000 RAPGEFL111110000000 RASGRP**4443**1001000 SOS**2222**1111010RAS RASL10**2**1110010000 RASD**2222**0110000 SSR211110111000 NKIRAS**2222**0110000 REM**4444**0100000 RGK000001**3**0000 RASL11**22**1**2**0000000 RERG11110100000 RASL1211010100000 AGAP10001000000 RERGL11010000000 RHEB**222**11111111 ERAS10000000000 RAL**22**1**2**1111010 RAP1**2222**0111111 RAP2**3333**1111000 H/K/NRAS**3333**0111010 RRAS**22**1**2**0111000 MRAS11110101000 RIT**22**110110000 DIRAS**3332**1111000[^1]

The numeric analysis of [Table 1](#T1){ref-type="table"} shows that 16 subfamilies (about 36% of the total) have contributed very little to the module expansion with only a maximum of one gene copy per organism ([Figure 4](#F4){ref-type="fig"}). Among the multigene subfamilies, 36% show two gene copies per species and about 27% are highly expanded subfamilies, which are defined in this work as subfamilies with three or more gene members in any clade. The maximum number of genes per subfamily observed is five ([Figure 4](#F4){ref-type="fig"}). This demonstrates that some subfamilies have contributed differently to the overall duplication rates observed in the Ras module, indicating disparate evolutionary roles and increasing cellular signaling complexity. Figure 4.Number of genes and subfamilies versus subfamily size. For each subfamily size class (i.e. maximum number of genes in the subfamily; *x*-axis), we counted the number of subfamilies with that size (black rectangles), and the number of total sequences in the subfamily (gray rectangles).

Fungi, slime mold and *Monosiga* genes highly diverge from their Metazoan homologs. IQGAP is the only subfamily whose domain composition and bootstrap values indicate a consistent distribution among all clades. Furthermore, slime mold genes cluster into consistent, independent subfamilies, particularly true for RasGEF, suggesting the exploration of alternative functional pathways not present in the Metazoan clade.

Functional analysis of the expanded subfamilies
-----------------------------------------------

To avoid excessive description, only some subfamily expansions and speciation processes involving whole main clades are discussed below. Alternative gene names are provided in parenthesis. Unfortunately, many genes in the Ras switch families show poor functional annotations or are still uncharacterized. Despite the lack of functional information, it seems that many of the gene subfamily expansions and speciation processes in the Ras switch are related to exploration of new functional niches specific to evolution of pluricellular organisms.

For example, the RapGAP subfamily SIPA1 (maximum of four genes in mammals, birds and fish, [Table 1](#T1){ref-type="table"}), the RasGAP subfamilies such as IQGAP (three genes) and SYNGAP (four genes) and the Ras subfamily DIRAS (three genes) have genetically and functionally expanded presenting genes involved in brain and nervous system development ([@B27; @B28; @B29; @B30; @B31; @B32]). On the other hand, the expanded RasGAP subfamily RASA (four genes) and the RasGEF RASGRP (four genes) contain genes involved in the developmental system as well as the adaptive immune system ([@B33; @B34; @B35]).

Subfamily expansions linked to clade-specific speciation processes appear in the Ras and RasGEF families ([Supplementary Figures S7](http://nar.oxfordjournals.org/cgi/content/full/gkr154/DC1) and [S8](http://nar.oxfordjournals.org/cgi/content/full/gkr154/DC1)). In Ras, the RGK subfamily includes four protein-coding genes: GEM, RRAD (RAD1), REM1 (REM) and REM2; that function as potent inhibitors of voltage-dependent Ca^2+^ channels, some of them acting as Rho-like cytoskeleton regulators ([@B36]). The insect Rgk sequences appear as an independent branch of the animal's genes (except *Caenorhabditis elegans*, which is missing), suggesting an independent expansion of the Rgk sequences in insects. However, specific sequence variation, such as absence of a typical motif found in mammalian RGKs \[DXWEX in G3; ([@B36])\] and lack of strong bootstrap support challenge their classification. The ERAS subfamily in Ras is restricted to the Theria clade (placental mammals and marsupials) and in mice, Eras (also known as HRAS2 in humans) is expressed in embryonic stem cells where it promotes proliferation and tumorigenicity *in vitro* ([@B37]).

Four RasGEF subfamilies show strong evidence of clade speciation processes: RAPGEFL1, RAPGEF5, PLCE1 (PLCE, PPLC) and KNDC1 (RASGEF2, VKIND). RAPGEFL1 and RAPGEF5 seem to be exclusive innovations in the Euteleostomi clade (fish, amphibians, birds and mammals in this work), with RAPGEFL1 proteins being associated with nervous system development ([@B38],[@B39]). PLCE1 and KNDC1, also broadly present in the Euteleostomi species, show putative orthologs in the unicellular marine organism *M. brevicollis*, although with important domain rearrangements in PLCE1. PLCE1 is also present in worm (plc-1) although has been classified into the wrong group. These results point to a selective elimination of PLCE1 and KNDC1 in insects, *Ciona* and sea urchin ancestor species. PLCE1 may play critical roles in the glomerular development of the kidney, as mutations in PLCE1 are linked to familial nephrotic syndrome ([@B40]). In mice, Kndc1 is highly expressed in the cerebellum, where it is restricted to the Purkinje cells ([@B41]) and controls dendrite growth by linking Ras with Map2, a protein that is associated with microtubules ([@B42]). Figure 5.Number of duplications for Ras, GEF, RasGAP and RapGAP relative to specific clades (F: fish; X: amphibian/xenopus; R/B: reptile/birds; M: mammals).

Genetic variation of the Ras module orthologs system in mammals
---------------------------------------------------------------

We estimated the number of duplication events presumably driving the appearance of new Ras switch genes in the eukaryote phylogeny ([Figure 5](#F5){ref-type="fig"}). The number of new duplications related to emergence of different clades in the eukaryotic phylogenetic tree shows a drastic reduction after the Euteleostomi split and suggests an early stabilization of the Ras module expansion in the subsequent clades including mammals.

To reduce bias due to uncertainty in genome assembly and gene prediction in draft genomes, we wanted to confirm the stabilization hypothesis focusing on curated orthologous genes in high-quality annotated mammalian genomes, such as human, mouse and rat. Orthologs in other high-quality annotated organisms, including zebrafish, fly and worm, are also presented for comparison ([Table 2](#T2){ref-type="table"}). The number and distribution of orthologs indicate very little genetic variation in the mammalian species. DIRAS3 (NOEY2), RGL4 (RGR) and RASA4 (CAPRI, GAPL) are the only three groups over a total of 70 groups of orthologous genes that show variation in the number or distribution of genes within the mammalian sample. This implies that 96% of the Ras switch orthologs system is conserved among all the mammalian species. The observed genetic variations, DIRAS3 and RGL4, correspond actually to duplications related to speciation event as described earlier. Both genes seem to be missing in rodents, but present in primates. There is also evidence for presence of both genes in other mammals, suggesting that these genes may have been lost in the rodent lineage. This co-dependency between DIRAS3 and RGL4 presence/absence suggests that RGL4 might be a regulator of DIRAS3 function. The RASA4 ortholog is duplicated in the human genome and although both genes, RASA4 and RASA4B, map to chromosome 7, RASA4B seems to be a truncated version of RASA4 (and so it is annotated as a pseudogene). Table 2.Number of Ras switch homologous genes detected in human, mouse, rat, zebrafish, fly and worm genomesFamilySubfamilyGeneHMRZFW**Ras**RASL10RASL10A111110RASL10B1110RASDRASD1111110RASD21112SSR2SSR2000221NKIRASNKIRAS2111110NKIRAS11111RGKREM1111100RRAD1111GEM1111REM21111RGK000030RASL11RASL11A111100RASL11B1111RERGRERG111100RASL12RASL12111100RERGLRERGL001410RHEBRHEB110110RHEBL1111000ERASERAS111000RALRALB111211RALA1112RAP1RAP1B211111RAP1A1111RAP2RAP2C111111RAP2A1111RAP2B1111H/K/NRASHRAS112/1211KRAS1110NRAS1112RRASRRAS211111RRAS11110MRASMRAS111201RITRIT2111010RIT11111DIRASDIRAS2111211DIRAS11112DIRAS3100000**RapGAP**TSC2TSC2111010GARNL1C20ORF74111111GARNL11111SIPA1SIPA1L3110/1101SIPA1L11111SIPA1L21111SIPA11111RAP1GAPGARNL4111211RAP1GAP11111GARNL3GARNL3111100**RasGAP**IQGAPIQGAP1111100IQGAP2110100IQGAP3111000NF1NF1111210RASARASA2111110RASA311110RASA4211100RASAL1111000SYNGAPRASAL2111110DAB2IP1112SYNGAP11112RASAL31110RASA1RASA1111210GAPVD1GAPVD1111200**RasGEF**PLCE1PLCE1111000RASGRFRASGRF2111100RASGRF11111KNDC1KNDC1110100RASGEF1RASGEF1A111031RASGEF1B1112RASGEF1C1110RAPGEF1RAPGEF1110111RGLRGL1111111RALGDS1111RGL31112RGL23/1111RGL41000RALGPSRALGPS1111110RALGPS21111RAPGEF2/6RAPGEF6111111RAPGEF21112RAPGEF3/4RAPGEF4111311RAPGEF311110RAPGEF5RAPGEF5111200RAPGEFL1RAPGEFL1111100RASGRPRASGRP3111101RASGRP21111RASGRP11111RASGRP41110SOSSOS2111111SOS11110[^2]

In summary, in the Ras module, duplications of genes within subfamilies are scarce and genetic variation almost non-existent in mammals. Although the pattern of expansion in the Euteleostomi clade suggests an important contribution of 2R and 4R rounds of genome duplication in vertebrates, which would not explain the lack of expansion in the module afterwards. The data suggest crystallization of the Ras module orthologs system in mammals and most likely in the tetrapod clade. This places the maturation of the Ras switch after the Euteleostomi expansion, dated in the Paleozoic era, about 416 MYA ([@B43]).

Domain diversity, distribution and organization
-----------------------------------------------

Protein domains represent the basic functional and evolutionary units that, when combined in multiple modes (architectures), give sequences with different functional and regulatory properties. Convergent evolution of domain architectures is a rare event ([@B44]), representing functional and evolutionary fingerprints. To investigate the role of these evolutionary processes in the Ras module, we computed domain and architecture distribution for all protein sequences detected ([Supplementary Figures S6](http://nar.oxfordjournals.org/cgi/content/full/gkr154/DC1) and [S7](http://nar.oxfordjournals.org/cgi/content/full/gkr154/DC1)).

Most Ras sequences are single domain proteins, with very few extra domains appearing in some species ([Supplementary Figures S6A](http://nar.oxfordjournals.org/cgi/content/full/gkr154/DC1) and [S7A](http://nar.oxfordjournals.org/cgi/content/full/gkr154/DC1)). GEF and GAP proteins, on the other hand, are all multidomain proteins with different architectures ([Supplementary Figures S6B--D](http://nar.oxfordjournals.org/cgi/content/full/gkr154/DC1) and [S7B--D](http://nar.oxfordjournals.org/cgi/content/full/gkr154/DC1)). RasGEF is the gene family containing the highest diversity of different domains (65 domains), followed by RasGAP (32 domains) and RapGAP (8 domains). Even if the domains in both GAP families are considered together (total of 40 domains), the difference with GEF is still significant.

Domain and architecture counts for all the Ras switch families were concatenated in two independent domain and architecture occurrence profiles for each of the 24 eukaryotic species ([Supplementary Figures S8](http://nar.oxfordjournals.org/cgi/content/full/gkr154/DC1) and [S9](http://nar.oxfordjournals.org/cgi/content/full/gkr154/DC1)). The ED between domain and architecture profiles was computed to assess closeness between species. [Figure 6](#F6){ref-type="fig"}A and B show domain and architecture ED versus divergence times (MYA) from humans. Both plots suggest a linear tendency and show that species closely related to humans tend to share domain and architecture composition compared with more distant species, indicating an important role of domain fusion and rearrangement in the divergence process driving to speciation. Domain and architecture composition are dependent variables, and species with similar domain composition share similar architectures, as shown by a strong linear correlation between domain and architecture profiles in [Figure 6](#F6){ref-type="fig"}C. In a similar way, the total number of domains versus architectures also displays strong linear correlation ([Figure 6](#F6){ref-type="fig"}D). Figure 6.Comparison of species similarity profiles. (**A** and **B**) ED versus divergence time from humans (MYA) for domains and architectures, respectively. (**C**) Domain versus architecture profile's EDs among all species. (**D**) Number of domains versus number of architectures. Outliers (*Ciona*, slime mold, seaurchin and worm) were removed from the linear fits in subfigures **A**, **B** and **D**, and the corresponding species points labeled. Fitted regression lines and *R*^2^ values are also shown for all the plots.

Comparison between occurrence profiles from human, rat and mouse shows high domain and architecture composition conservation in the Ras switch protein system (ED values below 10 in [Figure 6](#F6){ref-type="fig"}A--C). These results reveal that the Ras switch orthologs system is conserved in mammals beyond the canonical Ras, GAP and GEF domains, and includes the sets of domains present in the Ras switch protein architectures.

As expected, the GEF family contains the highest number of different domains and architectures, with 65 architectures, followed by RasGAP ([@B32]), RapGAP ([@B8]) and Ras ([@B8]) ([Supplementary Figure S9](http://nar.oxfordjournals.org/cgi/content/full/gkr154/DC1)). The different architectures reflect (and in a sense define) gene subfamily membership ([Supplementary Figures S2--S5](http://nar.oxfordjournals.org/cgi/content/full/gkr154/DC1)) and therefore potentially contain information about functional differences between family members. Domain and architecture distribution shows an effect of species-specific divergence for species outside the metazoan clade. For example, fungi and *D. discoideum* present some specific domains, in particular in the RasGEF family, not present in the Metazoan clade. This also happens in *C. elegans*, insects, sea urchin and *Monosiga*, indicating species-specific divergent evolution of the Ras regulatory network. These results indicate that some species or clade-specific functional variation have been obtained by different domain rearrangements.

Protein architectures in the Ras and RapGAP families do not show any common Pfam domains with the RasGAP or RasGEF families. On the other hand, some RasGAP and RasGEF proteins share up to 9 out of 97 total Pfam domains present in both families (e.g. PDZ, PH, IQ, C2, etc.). Considering that many of these domains are involved in basic regulatory processes, lack of common domains among the different Ras switch families suggests high independence in their molecular mechanisms.

Role of alternative splicing in the Ras module functional expansion
-------------------------------------------------------------------

Earlier we considered gene duplication as the main evolutionary process involved in generation of sequence diversity ([Figure 3](#F3){ref-type="fig"}). We showed that domain and architecture composition complexity increased positively in correlation to divergence times ([Figure 6](#F6){ref-type="fig"}). However, changes in domain composition and architecture appear to be the effect of alternative evolutionary processes, like domain fusion and exon shuffling, which work in concert with gene duplication. This architecture variability may be exploited to generate sequence diversity at the transcript level by using alternative splicing. Alternative splicing generates different RNA sequences from a unique DNA template by removing selected exons during the splicing of introns ([@B45],[@B46]). Indeed, alternative splicing seems to play an important role in the Ras module functional expansion and diversification ([@B47],[@B48]), and provides an alternative hypothesis to explain the gap in gene number between Ras and the other families. To assess this possibility, we measured the number of exons and transcript variants and estimated the potential of the different gene families to increase functionality by alternative splicing ([Figure 7](#F7){ref-type="fig"} and [Table 3](#T3){ref-type="table"}). Figure 7.Distribution of exon counts within each gene family. Table 3.Percentage of human genes with a corresponding number of splice variant (number of SV), extracted from the ASTD database (URL: [www.ebi.ac.uk/astd/](www.ebi.ac.uk/astd/)) for Ras, RapGAP, RasGAP and RasGEFNo. of SVRasRapGAPRasGAPRasGEF12717062333360631317204741333201257006600012770068000090006Total (*N*)1561017Missing (%)58332943[^3]

A higher number of exons indicate more potential to generate functional diversity using alternative splicing ([@B49]). The distribution of the number of exons in the Ras module shows a significant bias. Ras genes have a highly skewed distribution with an average around five exons per gene, but with some sequences with very large values. GEF and GAP distributions show higher variance, indicating more variability in the functional landscape. The number of exons is larger than in Ras, with median values of 25 for RapGAP, 24 for RasGAP and 22 for RasGEF ([Figure 7](#F7){ref-type="fig"}).

This suggests that GEF and GAP proteins have on average higher potential than Ras proteins to generate sequence diversity using alternative splicing. Direct evidence comes from the distribution of human alternative splicing sequences from the ASTD database ([Table 3](#T3){ref-type="table"}). The results indicate that the Ras family has the highest percentage of genes of all families with just one splice variant (27%, [Table 3](#T3){ref-type="table"}). RapGAP genes show two maximums of 33% of genes with two and four splice variants. The RasGAP family shows no genes with one splice variant, have the highest percentage of genes with two variants (60%), and present the remaining 40% of genes with three or more alternative splicing variants. RasGEF genes show the most significantly skewed distribution towards multiple splice variants categories. The RasGEF family has the highest percentage of genes with three variants (47%), and shows 36% of genes distributed between four and nine variant categories. These results are consistent, although they are not taking into account genes with missing alternative splicing information (Ras: 8%, RapGAP: 33%, RasGAP: 29% and RasGEF: 43%).

Overall, GEF (in particular) and GAP proteins show higher potential than Ras to generate functional diversity by alternative splicing. Consequently, although gene duplication is the main evolutionary force driving functional expansion of the Ras family, alternative splicing has a considerable role in the GEF and GAP families. This may be an important mechanism to compensate for the disparity in the GEF and GAP family sizes, compared with Ras.

CONCLUSIONS
===========

An evolutionary genetic model for the Ras module expansion
----------------------------------------------------------

The Ras network works as a critical regulatory module in many signaling pathways. Given the minimal number of genes present in the fungi species, we can assume that the original Ras module originated at some point with at least one member of the Ras, GEF and GAP families. In a compatible scenario to explain the Ras module expansion the bulk sequence pool is generated by gene duplication, a genetic mechanism with a more prominent role in the Ras family ([Figure 3](#F3){ref-type="fig"}). This genetic expansion has accompanied the overall increment in coding genome size in the Eukaryotic kingdom ([Figure 3](#F3){ref-type="fig"}). The observed behavior appears very robust given that many processes have affected the organization of genomic material in some of the studied organisms (e.g. 2R genome duplication leading to vertebrates, the fish-specific duplication, large-scale losses in *Drosophila*, *C. elegans* and *Saccharomycotina*).

Far from being a homogeneous phenomenon, the Ras module expansion is the overall result of uneven gene duplication rates of the different generated subfamilies within the Ras module families ([Figure 4](#F4){ref-type="fig"}). This uneven expansion is likely the result of speciation-specific functional requirements, such as the immune and nervous systems. Some of the relevant expanded subfamilies are seldom studied (e.g., the SIPA subfamily), limiting the functional analysis of these subfamilies and suggesting that further efforts are necessary to disentangle their functional implications. In this sense, our findings are useful to direct future experimental efforts to study some of these subfamilies.

Together with gene duplication, other processes have contributed to generate functional divergence linearly correlated to the speciation processes in Eukaryote evolution. Domain fusion, which includes exogenous domains, and exon shuffling, which alters the internal protein domain architecture ([Figure 7](#F7){ref-type="fig"}), both play important roles in the GEF and GAP families.

Although domain and architecture variation is not a source of functional expansion by itself, this domain diversity in protein architectures can be used at the transcript level to expand functional complexity by alternative splicing. This is another mechanism with a prominent role in the Ras module to expand functionality, particularly used by GEF and GAP genes. By these means, transcript variants could eventually fill the gap in the number of genes between Ras and its GAP and GEF regulators observed in the genomes of higher eukaryotes.

Genetic expansion in the Ras module has decreased after the evolution of the Euteleostomi clade (fish, amphibians, birds and mammals in this work) ([Figure 5](#F5){ref-type="fig"}). In addition, similar protein architectures and domain composition suggests that the Ras switch is practically crystallized into a genetically and functionally stable system of orthologs in the mammalian clade after the Euteleostomi expansion, dated in the Paleozoic era, about 416 MYA ([@B43]). This implies that the molecular and functional mechanisms performed by these orthologs are conserved among mammal species, supporting the use of mammalian models, such as rat or mouse, to guide functional and biomedical studies of the Ras switch components in humans.

Gene duplication and alternative splicing have been the main genetic processes for generating Ras switch genetic expansion, while sequence divergence together with domain fusion and rearrangement have been the main sources of Ras module speciation. As a result of theses genetic mechanisms, the Ras switch has become a complex system with about 70 sets of orthologous genes in mammals.

The deep differences in protein architectures and domain composition observed among the Ras switch regulatory families in many species, with almost complete absence of any shared domains, suggest highly functional specificity and pathway independency regulating and propagating Ras signaling transduction. This molecular function independency of the Ras switch families creates a network with a 'decision making' topology, creating the possibility to integrate, through a homologous GEF molecular mechanism, different input signals into Ras paralogous proteins. In this network, Ras proteins function as central nodes conducting the signal flow through the bifurcation in the GAP signal propagation (RasGAP and RapGAP no homologous domains).

Some Ras switch proteins are known to lack activity (e.g. Ras proteins missing GTPase activity) or interact with and regulate other members of the Ras superfamily (e.g. RasGEF proteins that activate Rho) ([@B12],[@B50]). Although these are important aspects of Ras evolution, this work focuses on a global analysis of these gene families, and their remarkable coordinated expansion. The particular evolutionary pathways that each individual gene followed are not explicitly included in our study, although it is implicitly covered by the divergent nature of some of the described subgroups. Ras switch proteins may avoid cross-communication between paralogous genes by diversifying their tissue and cellular location and gene expression timing in complex organisms. However, there is also the possibility that different sets of Ras switch orthologs co-localize and integrate their signal propagation in 'decision making' network topologies.
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[^1]: M: mammal; R/B: reptile/bird; X: *xenopus*; F: fish; Ci: *ciona*; Su: *seaurchin*; I: insect; W: *worm*; Fu: fungi; Mo: *Monosiga*; Sm: slime mold. In bold is highlighted the clades showing a duplication event compared with the parent clades. This table shows only gene sequences consistently classified into the different subgroups, where classification consistency is measured as a combination of bootstrapping value and domain composition. The total number of sequences in each species/clade is presented in [Figure 3](#F3){ref-type="fig"}.

[^2]: H: human; M: mouse; R: rat; Z: zebrafish; F: fly; W: worm. Cases with uncertain number of genes are indicated with '/'.

[^3]: The percentage is computed relative to the total number of genes with splicing information (total, *N*). The percentage of detected genes in this work with missing information is also indicated (missing %).
